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We investigate the salt-dependent current modulation of bundled DNA nanostructures in a nanopore. To this
end, we developed four simulation models for a 2x2 origami structure with increasing level of detail ranging
from the mean-field level to an all-atom representation of the DNA structure. We observe a consistent pore
conductivity as a function of salt concentration for all four models. However, a comparison of our data to
recent experimental investigations on similar systems displays significant deviations. We discuss possible
reasons for the discrepancies and propose extensions to our models for future investigations.
I. INTRODUCTION
The field of nanopore based molecule detection and
analysis has shown growing interest in the soft matter sci-
entific community in the last years. The basic idea dates
back to the late 1940s when Wallace Coulter1 invented a
device to count red blood cells in a setup consisting of two
electrolyte reservoirs in an electric field. A small orifice
connecting the two reservoirs lead to a finite conductiv-
ity. For the pure salt solution the conductivity was con-
stant, whereas spikes in the current have been observed
if a blood cell traverses the orifice which made it possible
to count the cells. More refined setups allowed detecting
smaller and smaller analytes2,3. Leveraging this simple
principle, nanopores are nowadays capable of detecting
single DNA molecules, and even a distinction between
nucleotides is possible4,5.
For dsDNA, it is well-known that the current mod-
ulation through the pore depends on the salt concen-
tration of the buffer solution6. For salt concentrations
below a certain crossover concentration c̃, the current in-
creases due to the presence of the DNA whereas for higher
salt concentrations the current decreases. So far, ex-
perimental results for the current modulation have been
reproduced quantitatively with molecular-dynamics sim-
ulations on different levels of detail: with an all-atom
model7, with a coarse-grained model8 and with a mean-
field description for the dsDNA and the electrolyte9.
These studies revealed that the current blockage in the
pore is not caused by a reduction of the number of charge
carriers (up to 1.2 mol l−1) in the pore but by the en-
hanced local friction between ions and DNA. Similar to
the mean-field and all-atom models in Refs. 7 and 9, Van
Dorp et al. had developed a mean-field model and Luan
et al. an all-atom model to study the electrophoretic
forces on the DNA in Refs. 10 and 11.
In recent experiments the self-assembly of scaffolded
three-dimensional DNA origami structures has been
investigated12–14. In various publications, such DNA
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origami structures have been used to alter the analyte de-
tection properties of nanopores in experiments15–20 and
simulation studies20–22.
Wang et al. investigated the current signal change
caused by the translocation of DNA origami bundles with
4 and 16 parallel helices23. Their findings show that the
salt dependent current modulation significantly changed
compared to the results for the translocation of a sin-
gle dsDNA molecule6. The crossover salt concentration
where the current modulation by the analyte in the pore
vanishes drops to much smaller values. Furthermore, this
effect shows a non-monotonic dependency on the size of
the origami structure whose origin remains unclear.
In Ref. 9, the results for the current modulation for
dsDNA in a nanopore can successfully be modelled on
the all-atom, the coarse-grained and even the mean-field
scale. Thus, the natural question arises if these models
are trivially transferable to multiple helices, i.e. can the
overall interaction between ions and DNA be predomi-
nantly described by a linear superposition of the interac-
tion with a single helix. To find an answer for this issue,
we have therefore investigated the current modulation of
bundled DNA origami structures in an infinite cylindrical
pore on different levels of detail, ranging from all-atom to
mean-field. Remarkably, all four models’ results for the
pore conductivity are consistent with each other within
statistical errors.
The article is structured as follows: in Sec. II, we first
describe the four different simulation models, in Sec. III A
we present our simulation results and compare them to
experimental results in Sec. III B. Our article ends with
some conclusions and an outlook for further studies.
II. DNA MODELS
In the following we describe the DNA modeling ap-
proaches in more detail. All our models have in common
that they only contain the pore segment (and no reser-
voir) which enables us to reduce the computational effort
by applying periodic boundary conditions along the sym-
metry axis of the pore. Since experimental results for the
current modulation of dsDNA in solid-state nanopores6
and in glass nanocapillaries24 are very similar, we have
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chosen to take advantage of the more symmetric cylin-
drical geometry.
A. All-atom DNA origami
The basis of our all-atom model is a structure file of the
DNA origami provided to us by the Keyser group which
did the experimental work motivating this study23. We
extracted a periodically recurring segment of the origami
and placed it in a rectangular simulation box with pe-
riodic boundary conditions to create an infinite origami
that reproduced the shape of the original structure, us-
ing bonded interactions across the unit cell. We added
a cylindrical pore wall built up of atoms with a purely
repulsive interaction potential. The dsDNA origami’s
phosphorus atoms as well as the pore atoms have been
fixed in space via a harmonic potential. We solvated the
molecule in water and compensated the net charge by an
appropriate amount of potassium counter-ions. To sim-
ulate different bulk salt concentrations we exchanged a
varying number of water molecules with potassium chlo-
ride ion pairs. For the dsDNA molecule we employed the
AMBER03 force field25, for the salt ions the force field
by Smith et al.26 and for the water the SPC/E water
model27. This combination of force fields has previously
been used in similar simulation setups and has shown to
reproduce experimental ion conductivity very well7. The
bulk salt concentrations have been estimated a posteriori
from the charge density profiles. The all-atom simula-
tions have been performed with the molecular dynamics
software GROMACS version 2020.328.
Details of the procedure of setting up the periodic
chunk of the origami molecule can be found in the sup-
porting information. In the visualization of the simulated
molecule in Fig. 1 the inter-helix staple strands that sta-
bilize the origami structure are visible.
Figure 1: The side view (left) and cross-section (right)
of the all-atom origami molecule section in a pore. For
clarity the water molecules have been excluded.
B. All-atom quad
This model is constructed by placing four parallel
strands of the dsDNA described in Ref. 7 parallel to each
other. The main difference to the model in the previ-
ous section is the missing interconnecting staple strands
(Fig. 2). Each of the four helices consists of 20 CG base
pairs which corresponds to two full turns of the helix. All
other simulation parameters have been adopted from the
model above.
Figure 2: Side view (left) and cross-section (right) of
the simulated all-atom quad molecule in a pore.
C. Coarse-grained DNA origami
We followed the modelling strategy for a coarse-grained
model of a dsDNA molecule as published in Ref. 29. In
order to extend the model to reproduce the geometry of
the origami molecule we created a fixed arrangement of
four parallel dsDNA strands (cf. Fig. 4). Simulations
have been performed with the release 4.0 of the MD soft-
ware ESPResSo30.
The segments of the coarse-grained dsDNA consist of
a rigid arrangement of three beads (two for the backbone
and one for the base pair). A scheme for a single base
pair is shown in Fig. 3. Hydrodynamic interactions are
included by coupling molecular dynamics with a lattice
Boltzmann hydrodynamics solver. Using the point cou-
pling scheme31,32 to exchange momentum between parti-
cles and the lattice Boltzmann fluid, a nonphysical fluid
flow has been observed along the grooves of the helix8
which is suppressed with additional beads that only in-
teract with the fluid and are part of the rigid body of
each segment. To match the distance dependent ion mo-
bility in the vicinity of the DNA observed in all-atom
simulations7, a frictional coupling force Fij between the
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where ζ is a numerical constant, rij is the inter-particle
distance between DNA bead and ion, rc is the cutoff ra-
dius up to which the frictional interaction is enabled, vij
is the relative velocity. The two free parameters ζ and rc
are tuned to match the ion velocity profile of the respec-
tive all-atom simulation for a single salt concentration. In
addition to the frictional force, a random force according
to the fluctuation-dissipation theorem is applied. Details
of the model can be found in Ref. 29, exact values for all
parameters are listed in the supporting information.
Figure 3: Top view of a single coarse-grained base pair.
In the background the respective atomic visualization is
shown for comparison. Note, that the beads are not
drawn to scale for clarity.
Figure 4: The side view (left) of the coarse-grained
quad molecule as developed in Ref. 29 and the
cross-section (right) of the simulated pore system.
D. Mean-field model
Based on the geometric arrangement of the coarse-
grained model in the previous section, the DNA strands
in the mean-field model are replaced by charged cylin-
ders that carry the respective surface charge density
of a dsDNA molecule (σDNA ≈ −2 e/2.35 nm2 ≈
−0.136 C m−2). It is based on solving the modified elec-
trokinetic equations for the bundle of charged cylin-
ders representing the dsDNA structure within an un-
charged cylinder representing the nanopore following the
approach in Ref. 9. The Nernst-Planck equation is mod-
ified to incorporate the friction between ions and dsDNA
molecules that has previously been found to be crucial for
coarsened dsDNA models in order to reproduce experi-
mental data on current modulation in nanopores8. Thus,
the algebraic equation for the current density of species

















where ci is the concentration, u
z is the fluid velocity, µi
the ion mobility, e the elementary charge, zi the valency,
Ez the electric field strength along the symmetry axis,
α = 15× 10−12 kg s−1 a numerical constant (controlling
the amount of frictional force) and ω is a position depen-
dent weight function for the frictional force (cf. Ref. 9
for details).
The advective motion of ions is taken into account by
means of the Stokes’ equation and electrostatic interac-
tions between ions are considered following the Poisson-
Boltzmann theory. Due to the friction between ions and
dsDNA this results in a coupling between electrostatic
and advective forces on the ions. The model’s inher-
ent symmetry reduces the problem domain to two di-
mensions. We solved the electrokinetic equations with
the finite-element method using the commercial software
package COMSOL Multiphysics® version 5.4.
dDNA = 2.2 nm
dorigami = 2.8 nm
dpore = 10nm
Figure 5: Sketch of the geometry used in the mean-field
model. Details can be found in Ref. 9.
III. RESULTS
A. Model agreement across scales
In the following, we will compare the salt-dependent
current modulation for the four aforementioned mod-
els (all-atom origami, all-atom quad, coarse-grained and
mean-field model). To get a dimensionless number
that we can directly compare across the models, we
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looked at the relative change in ionic current Imod =
(IDNA − Iempty) /Iempty, where IDNA is the current of the
pore with the DNA origami molecule inside and Iempty
the current of the empty pore with salt only. As shown
in Fig. 6, the agreement for the current modulation is
very good among the models, taking into account the
statistical errors for each model. Especially with regard
to the crossover salt concentration c̃ where the relative
change in current vanishes (Imod(c̃) = 0), the results of
the four models agree within a small interval of the bulk
salt concentration. The fact that a quantitative agree-
ment for these models has already been observed for a
single dsDNA molecule in Refs. 7, 9, and 29 and the
agreement we found in this work for a larger dsDNA bun-
dle structure, suggests that our models would also show
consistent results for larger bundle structures, e.g. for a
system of 4x4 helices as investigated by Wang et al. in
Ref. 23 (cf. Fig. 10).
In order to investigate the location dependent con-
tribution to the current modulation, the relative cur-
rent density modulation across the pore jmod =
(jDNA − jempty) /jempty (naming convention as for Imod)
is shown in Fig. 7. In case of the all-atom and the coarse-
grained model, the current density for the empty pore has
been radially averaged to reduce the noise. For the all-
atom quad model, we additionally averaged the current
density data for the filled pore by rotating the data by
Nπ/2 with N ∈ {1, 2, 3} around the pore center, leverag-
ing the D4 symmetry group of the model’s geometry. As
expected, we observe a negative current density modula-
tion in the area where the DNA helices are located due to
blockage and friction with the ions. In the case of the all-
atom origami model, the footprints of the inter-helix con-
nections are visible and neutralize the modulation within
a small area. For this model jmod is larger in the pore cen-
ter than between two adjacent helices whereas in the case
of the all-atom quad model it is the other way around.
The two coarser models (coarse-grained and mean-field)
without inter-helix connections both show a very simi-
lar current density modulation profile compared to the
all-atom quad model.
Since the current modulations for all investigated sys-
tems show a very good agreement (cf. Fig. 6), the dif-
ferences in the current density modulation profiles (cf.
Fig. 7) have to have the following characteristics: local
differences between the models are canceled out by com-
plementary differences in other regions of the pore and
these compensating effects either do not depend on the
salt concentration or depend on it in a way that preserves
the ionic current’s dependency on the salt concentration.
To investigate the current density in greater detail, we
additionally analyzed the components that make up the
current density, namely the charge density profile and the
ion velocity profiles. The charge density profiles shown
in Fig. 8 reveal that the all-atom origami system has
a slightly higher concentration of charges between adja-
cent helices but overall the profiles for all four models
look very similar. Thus, the charge density profile does











2x2 dsDNA all-atom origami
2x2 dsDNA all-atom quad
2x2 dsDNA coarse-grained
Figure 6: Relative change in ionic current through the
nanopore for all four investigated models for a 2x2
dsDNA bundle. The results of all models agree within
errors over the whole range of investigated salt
concentrations.
not explain the differences in the relative current density
modulation we observed for the all-atom origami model
(cf. Fig. 7).
The velocity profiles for the molecular dynamics sys-
tems (as described in Sec. II A, II B, II C) can be di-
rectly computed from the trajectories of the ions. Ion
velocities33 for the mean-field model have been obtained







u(x, y)z + µieziE
z
αµω(x, y) + 1
. (3)
A detailed explanation of the notation can be found in
Sec. II D.
All velocity profiles shown in Fig. 9 are normalized
with the respective average ion velocity in the empty
pore, thus enabling the direct comparison of the data
for the different models. While the velocity profiles for
the anions do not show a significant deviation among the
models, more prominent differences are visible between
the cation (counter-ion) velocity profiles of the all-atom
origami and all-atom quad model. Here, the cation ve-
locity in the origami model is larger at the pore center
compared to the region between adjacent helices. On the
other hand, the opposite relation is observed for the quad
model. These differences in the velocity profiles together
with the charge density data shown in Fig. 8 thus explain
the relative current modulation differences between those
two models.
B. Comparison to experimental data
The group of Ulrich Keyser in Cambridge performed
experiments in a similar setting23. They conducted
The following article has been submitted to/accepted by the Journal of Chemical Physics.
After it is published, it will be found at https://aip.scitation.org/journal/jcp.
Page 4 of 8
















0 20 40 60 80
x position [A]
AA quad
0 20 40 60 80
x position [A]
CG











Figure 7: Relative current density modulation for the
all-atom (left), the coarse-grained (mid) and the
mean-field model (right). The non-vanishing
modulation at the pore walls for the all-atom and
coarse-grained models can be attributed to large current
density fluctuations and poor statistics. The salt
concentration for all models was approx. 0.18 mol l−1.
















0 20 40 60 80
x position [A]
AA quad
0 20 40 60 80
x position [A]
CG















Figure 8: Charge density profiles for the all-atom
origami, the all-atom quad, the coarse-grained and the
mean-field model at approx. 0.18 mol l−1.
translocation experiments using conical glass nanocap-
illary pores immersed in solutions of KCl. These
nanopores had a mean pore diameter of 14.2 nm. For
comparison, we used 10 nm diameter pores in the simu-
lations. However, as shown in a previous publication9
the pore size does not significantly influence the cur-
rent modulation. The DNA origami molecules of Ref.
23 have been designed and assembled of 4 or 16 paral-
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Figure 9: Normalized ion velocity profiles for the anions
(top row) and the cations (bottom row) at a salt
concentration of approx. 0.18 mol l−1. The velocities are
normalized with the respective empty pore ion velocities
in order to get directly comparable dimensionless values.
peating crossover staple strands. Any possible occur-
rence of electroosmotic flow due to the charged glass
walls has been suppressed by adding a tuned amount
of polyethylene glycol. Wang et al. reported a much
smaller crossover salt concentration c̃(128 mmol l−1 for
the 2x2 origami and 310 mmol l−1 for dsDNA) compared
to similar experimental setups where dsDNA transloca-
tion has been investigated24. Furthermore, they found
a non-monotonic behavior of c̃ with respect to the size
of the analyte: c̃dsDNA > c̃2x2 < c̃4x4, i.e. the crossover
salt concentration for 4x4 origami molecules is reportedly
higher (183 mmol l−1) than for the smaller 2x2 origami.
From all-atom simulations of an infinite pore system7
with a dsDNA molecule it is known that the ionic cur-
rent is determined by two competing effects: (i) reduc-
tion in current due to friction between ions and DNA he-
lices, and (ii) enhanced current due to additional mobile
(counter-) ions. The relative importance of these effects
for the overall current modulation depends on the bulk
salt concentration of the electrolyte and is non-trivial.
Since we now can safely assume that the frictional ef-
fects add up linearly, we also investigated a 4x4 origami
with our mean-field model. An overview of the salt de-
pendent current modulation for different experimental
systems and simulation models is shown in Fig. 10. The
data labeled as “mean-field” in the plot legend refers to
the respective model as described in Sec. II D with vary-
ing numbers of charged cylinders representing the differ-
ent numbers of DNA helices in the model. The current
modulation of the three mean-field systems shows a slight
monotonic trend towards higher crossover salt concen-
trations for larger DNA structures (cf. inset of Fig. 10)
whereas the experimental results show a large drop of c̃
to smaller salt concentrations from a dsDNA molecule
to the 2x2 origami. Furthermore, the 4x4 origami shows
an increased value for c̃ compared to the 2x2 in the ex-
periments of Wang et al.23. Thus, all of our simulation
results show a significant deviation for all origami sys-
tems despite being accurate for the case of a single DNA
molecule as has been shown in Refs. 7, 8, 29, and 30.
Comparing the experimental setup to our simulation
models, we presume deviations to result from one or com-
binations of the following simplifications in our models:
the pore entrance and the finite molecule lengths are ne-
glected, an alignment of the molecule’s symmetry axis
with the pore axis is assumed, and the lateral position of
the DNA structure’s symmetry axis is fixed to the pore
center.
Regarding the finite pore and analyte effects, a pos-
sible deviation might be expected since the 2x2 origami
molecule and the 4x4 origami molecule are folded from
the same scaffold strand and therefore have a different
aspect ratios which may be related to the non-monotonic
effect of the molecule’s apparent blocking area on the
crossover salt concentration. Moreover, Ref. 23 specu-
lates about the possibility of a diffusion limited current
through the origami structure.
Another possibility is that tilted conformations of the
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Figure 10: Comparison of the current modulation for
different setups. Experimental data taken from Refs. 6
and 23.
origami molecules might occur that may lead to a higher
effective friction between ions and origami and the pore.
As the simulations show (cf. Fig. 7), the highest current
density is in the counter ion layer around the helices. If
these layers come closer to the pore walls, this might also
lead to a reduction in pore conductivity. However, due
to the like-charge repulsion of the glass capillary and the
DNA molecule, we expect this effect to be minor.
The dependency of the pore conductivity on the posi-
tion of a single dsDNA molecule has already been inves-
tigated for the mean-field model in Ref. 9. No significant
influence of the molecules position on the pore conduc-
tivity had been found unless the gap between the DNA
molecule and the pore wall is smaller than the Debye
length. Since the Debye length is ≈ 110 pore diameter
at the experimentally reported crossover salt concentra-
tion, we do not expect this effect to be significant. Also,
as our current density profiles show that a non-negligible
portion of the current stems from ions inside the DNA
structure which is not directly influenced by the pore
walls.
IV. CONCLUSION
We presented a thorough investigation of four simula-
tion models for the current modulation of bundled DNA
nanostructures. The coarse-grained and mean-field mod-
els were parameterized only for a single dsDNA molecule.
Although the level of detail is ranging from the all-atom
scale to the mean field scale, we observe a very good
agreement among the models with respect to the salt de-
pendent current modulation in a nanopore. This means
that the frictional effects are additive for the nanostruc-
tures which opens up the door to build arbitrarily large
DNA bundles from dsDNA. Spatially resolving the cur-
rent density across the pore revealed slight different ion
mobilities at the center of the pore. While the ion mo-
bilities for the coarse-grained model and the mean-field
model are very similar, the all-atom origami model shows
a higher ion mobility at the center of the DNA nanostruc-
ture. The difference in the current density in the pore
center, however, is compensated by slight differences be-
tween adjoint helices in the structure. In summary, our
study shows that the current modulation for an infinite
pore system is robust against changes to molecular de-
tails.
Furthermore, we compared our results to recent exper-
iments by Wang et al.23 This comparison revealed a sig-
nificant mismatch of the crossover salt concentrations be-
tween our models and experimental results (cf. Fig. 10).
Compared to a single dsDNA molecule, the experimental
results show a much lower ionic current if the bundled
DNA structure is in the pore23. Wang et al. suggested
this to be a non-linear effect of the overlapping ion-DNA
frictional interaction near the bundled DNA structures.
However, we do not observe such a drop in the current
density within the structures but a significant increase
(compared to the bulk) either between adjoint helices
(all-atom quad, coarse-grained and mean-field model) or
at the pore center (all-atom DNA origami). The two
other possible suggestions for the current reduction in
Ref. 23, namely the idea of a diffusion limitation and
end-effects in the pore, cannot be investigated with the
models presented here.
A possible way of further investigations could be a
model with finite pore and analyte. Such a model may be
based on the coarse-grained or the mean-field model we
presented here and be extended by additional electrolyte
cis- and trans-reservoirs. Investigations along these lines
are in progress.
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VII. SUPPORTING INFORMATION
A. DNA origami structure
The DNA origami is a 4-helix bundle composed of a
scaffold strand with 7250 nucleobases stabilized by 174
short staple strands. The DNA sequence of these staple
strands can be found in Ref. 23 Table S9. The qua-
ternary structure of the 4-helix bundle has translational
symmetry along its main axis with a length of 217.6A.
An image of the unit cell can be found in Fig. 11.
Figure 11: Close-up view of the unit cell from two
different perspectives A and B related by a rotation of
45° around the main axis. The dashed lines represent
the periodic boundaries. The scaffold strand is colored
in black while the 6 linker strands are colored in blue,
red, green, yellow, ocher and purple, respectively.
The structure used in this paper contains a segment
of the scaffold strand and 7 staple strands: full-length
oligomers 9, 10, 67, 119, 150, and fragments of oligomers
66 and 68.
B. Interaction parameters of the coarse-grained model
The mobility reduction observed in all-atom
simulations7 is modelled via a velocity dependent
pair force between the backbone particles of the






vij , rij ≤ rc
0, else,
(4)
where ζ is the friction parameter, rc the cutoff distance,
rij the distance between the particles i and j, vij is the
relative velocity. We chose the two free parameters rc =
11A and ζ = 6.25 such that the velocity profiles between
the coarse-grained model and the results from all-atom
simulations matched reasonably well.
Furthermore, the non-bonded Lennard-Jones interac-
















for roff < rij < rc + roff
0, else,
(5)
where σ is the particle diameter, rij the distance be-
tween the particles, roff a distance offset, rc the cutoff
distance and c an energy shift. In the following we list
the interaction parameters for the different particle pairs
of the coarse-grained model. The parameter c in Eq. (5)
Table I: Summary of pair interaction parameters.
interaction pair σ[A] ε[kBT ] rcut[σ] roff [σ]
ion-ion 4.25 1 2
1
6 0.0
ion-pore 4.25 1 2
1
6 0.0
ion-backbone 4.25 1 2
1
6 0.0
ion-basepair 4.25 1 2
1
6 0.18
is chosen such that the interaction potential is zero at
the chosen cutoff distance. Since the DNA is fixed in the
pore center there is no interaction defined between DNA
beads and the pore.
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